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secondary ion mass spectrometry, standard secondary ion mass
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B-SiO, films formed by chemical vapor deposition on silicon substrates were analyzed by
time-of-flight secondary ion mass spectrometry using slo##Xand TH®" as primary ions. Boron
concentrations of X 10°* cm™2 determined directly from positive secondary ion spectra agree with
results from elastic recoil detection measurements, indicating strong decoupling of positive
secondary ion production probabilities from elemental ionization potentials in the intense electronic
sputtering induced by highly charged ions. Results demonstrate advantages of highly charged ions
for quantitative analysis of surface near layers of materials.1998 American Vacuum Society.
[S0734-210(198/04703-4

I. INTRODUCTION ion based time-of-flight secondary ion mass spectrometry
Quantitative analysis of surfaces and thin films is a crucial TOF-SIMS has previously been described in detalh
problem in materials research. Quantitative accuracy, sensshort, secondary electrons or protons, emitted at impact of
tivity, and depth resolution of secondary ion mass spectromindividual ions, are used to start time-of-flight cycles. Start
etry (SIMS) have been optimized continuously over the lastefficiencies were 100% for electron starts and typically
decades. In dynamic SIMS, limits in quantitative accuracy 509 for proton starts. Negative or positive secondary ions
due to changing secondary ion production probabilities as 8¢ getected in a micro-channel-plate detector and are ac-

function of chemical enV|ronmer(t matrix effepts_) h_ave cepted as stops in a multistop time analyZ@RTEC 9308.
been addressed by preparation of constant ionization envjs

ronments, e.g., through use of oxygen ion beams and floo _ecoqdary lons are accelerated by a target bias &kV. .

ing of samples with oxygen during depth profilibgit has  'he flight path has a length of only 10 cm. The resulting
been shown that monitoring of MCsmolecular ions during Mass resolution was limited tm/Am=100. Targets con-

Cs" bombardment is largely unaffected by changingsisted of 50 nm thick B—SigXilms deposited on silicon sub-
matrices® Use of lasers for resondnor non-resonaftpos-  Strates by standard plasma enhanced chemical vapor deposi-
tionization of secondary neutrals marks another route tdgion (PE-CVD). The intensity of achievable highly charged
quantitative compositional analysis. Useful yields, i.e., theion beams from EBIT is currently limited te10° ions/s on
number of secondary ions detected per sputtered target atom,spot of ~1 mm?. For depth profiling, targets were thus
are typically in the order of 1T (Refs. 4, 6, and and can  eroded by conventional low energy ion sputterifg keV

be as low as 10°. Accqrate quantification often has to rely Arl*, at normal impact, rastered over 19mand highly

on the use of calibration standards or make use of Crosg,, qed jons were used to analyze targets after subsequent

calibration with independent gnalytlcal .technlqﬁes. sputtering cycles. Sputter depths were calculated from the
Recently, strong electronic sputtering effects were re-

ported for impact of slow {1 keV/u) highly charged ions, Ar-spult;ter lon. dose using literature valyes for' sputter
like Xe** and A%, on thin insulating films and semi- yields:“ Resulting depth scales were consistent with deter-

metallic foils 1% Atomic and molecular secondary ion yields Minations of the point of interface crossing to the Si sub-
were found to be increased by over two orders of magnitudétrate by monitoring of characteristic molecular ions, like
for highly charged as compared to singly charged ions at th&iO;™. Re-absorption from the residual gas provided suffi-
same kinetic energ¥yIn the case of A" on B-SiG (50 cient hydrogen for efficient generation of start signals in
nm on Sj, at average more than three secondary ions wergOF-SIMS of positive secondary ions. Additionally, hydro-
detected per incident highly charged ion. In this article wegen could be bled onto the target if needed. Accumulation
report on the first application of highly charged ion inducedtjmes for TOF-SIMS spectra were typically10 min. At the
electronic sputtering for quantitative materials analysis. highly charged ion beam intensities of*tL0" ions per sec-

Il. EXPERIMENT ond which were used for TOF-SIMS, this corresponds to

Highly charged ions were extracted from the LLNL Elec- Static conditions where only insignificant amounts of target

tron Beam lon TragEBIT).* The setup for highly charged Mmaterial are removed. The dynamic range currently achiev-
able with the single detector TOF-setup spanned onB/

3Electronic mail: SCHENKEL2@LLNL.GOV orders of magnitude. The dominant background source were
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2510 traton was thus determined to be only 0.8
] - B osms |1 X 10?* atoms/cr. Standard SIMS underestimates the true
‘g 2081077 ' O ERD ] concentration by over a factor ef2.5. Quantitatively accu-
2 ] % $ 7 sws | rate concentrations can be derived from standard SIMS data
g oo ] \ 1 using calibrated standards or cross calibration with indepen-
s ] é ] dent analytical techniqués.
§ ] ‘ I ] Depth resolution in standard and highly charged ion based
S 100107 1 § ] SIMS is determined by low energy ion sputtering param-
§ e) eters. Optimization of depth resolution was not pursued in
= sono® ] this study. Separating mass removal from probing in highly
g ] charged ion based SIMS, however, allows for optimization
« 1e of depth profiling conditions independent of concerns of ef-
0'0(51, T ficient secondary ion formatiot.

depth (nm) Slow, highly charged ions impose conditions of extreme
o 1B i e B i § od by hichi target ionization upon impact on a nanometer sized surface
c;;rg-ed ?g%nb?sl%e¢§él?§&1€;; ela?tic Irelcrgﬁ ZZteiiglﬁm(l)??ang stlgn—y ?rea' O\./er one hL.md.re.d electrons are emitted frpm thin SiO
dard SIMS(H). films at impact of individual TH*.° The target lattice reacts
to the intense Coulomb stress by emission of high amounts
of charged and neutrdf secondary particles. Positive sec-
uncorrelated coincidences between starts and signals frognhdary ion spectra are dominated by singly positively
subsequent primary ions striking the target before the end afharged atomic ion$.We interpret the good agreement of
a time-of-flight cycle. boron concentration measurements by ERD and highly
B-SIiO, targets were analyzed by elastic recoil detectioncharged in based TOF-SIMS as resulting from strong decou-
(ERD)* at Sandia National Laboratory using a beam of 24pjing of positive secondary ion production probabilities from
MeV Si°* in order to independently determine the absoluteglemental ionization potentials under conditions of electronic
boron concentrations. A CAMECA fAmagnetic sector in- sputtering induced by highly charged iotfsin standard
strument was used for standard SIMS measurements. Pig\Ms, production of atomic secondary ions is dominated by
mary ions were O at an effective kinetic energy of 17 keV. glemental ionization potentialg,*, and the chemical envi-
The angle of incidence was 25°. The beam spot diameter ronment of the matrix. lonization probabilities have been
was~20 um, rastered over an area 6f100umX100um.  gyantified in studies of relative sensitivity factai@SP.%

lonization potentials of Si(8.15 e\) and B (8.23 eV} are
1. RESULTS AND DISCUSSION very similar and the RSF for boron in a silicon or $iO

Figure 1 shows resulting boron depth profiles from highlymatrix under oxygen bombardment has been found to be
charged ion based TOF-SIMS, ERD, and standard SIMSS-5x 10°% (cm %), indicating that detection of positive sec-
The peak concentration of boron in the films as determine@ndary ions allows for accurate determination of actual con-
by ERD was 2 107! atoms/cm. Probe beams for highly centrations of boron in these matrices. RSF factors are deter-
charged ion based TOF-SIMS were “ke (first two data mined by use of implantation standards with impurity
points and TH®" at kinetic energies of 1.3 and 1.2 keV/u, concentrations typically much lower than the atomic percent
respectively, and at normal incidence. The probe beam wa@nge present in the samples used in this study. Our results
switched in order to take advantage of increased secondagfow that RSF factors in standard SIMS are affected by very
ion yields as a function of primary ion char§&or determi- high impurity concentrations, where the influence of the im-
nation of boron concentrations from positive secondary iorpurity on the chemical structure of the matrix is not negli-
spectra, the number of counts in th88" and 1°B" peak gible as it is for fractional impurity concentratiors0.1%.
areas was divided by the integrated positive secondary iohrom our measurements the RSF for the detection of boron
counts from the matrix after background subtraction. Than SiO, at concentrations in the atomic percent range follows
average fractional boron content in the broad maximum ofo be 1.6<10?® (cm~?) for SIMS using O primary ions. For
the distribution was 2.8 at. %. At a given atomic density ofhighly charged ion based SIMS the RSF is 6.6
the SiQ matrix of ~6.6x 10?2 atoms/cm we find that re- X 10% (cm3).
sults from ERD(fractional boron content: 3 at. pand TOF- Accurate quantitative analysis of near surface dopant con-
SIMS (boron concentration: 1:810°* atoms/cml) agree  centrations in the atomic percent range is of significant tech-
within the uncertainty of the measurements ©l0%. In  nological relevance as these distributions are present in the
standard SIMS!B™ and®°Si* ions were recorded as a func- low energy K5 keV) implants used for ultrashallow junc-
tion of sputtering time. Boron concentrations were calculatedion formation.
directly from measured'B* to 2°Si* count ratios without The matrix stoichiometry of the B—SiCfilms was con-
correction for different ionization probabilities of boron and firmed to be 2:1 by Rutherford backscattering. This ratio was
silicon and assuming an atomic density of the Si@atrix of  not reproduced in the ratio of oxygen to silicon positive sec-
6.6x 1072 atoms/cm. The value of the boron peak concen- ondary ion yields in highly charged ion based SIMS, which
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was found to be only 0.8%0.05). We note that the compa- 10—
rably large difference in ionization potentials between oxy- ] Xe%*— Sj0,(50 nm on Si)
gen (13.6 eV} and silicon results in secondary ion yield ] Eq~ 2 keViu
variations by several orders of magnitude under standarc |

SIMS conditions:’ The deviation in oxygen and silicon ion 3
yields from the true stoichiometry can be attributed in part to
secondary ion formation at the fringe of the highly charged =
ion impact area, where the ionization density is graduallyf L .
decreasing and the influence of ionization potentials begins% 1 s S0,
to dominate ionization probabilities. In an ongoing study, & ]
decoupling of secondary ion production probabilities from 4

3 , ! I
ionization potentials was also observed for submonolayer ‘] ‘ lN “ l | Ih ‘ ‘ ! “ ‘ I Lo s2iyo
\ ‘ ALK
1.0 1.5 2, 25 3.0 ‘

channel

OH

iron (p*r.=7.9 eV) coverages on graphite samplgs §
=11.26eV). Here fractional concentrations of (7.7
+0.5) at. % were found using X&, while analysis using
the Sandia heavy ion backscattering sysfeshowed a frac- N
tional concentration of (6:80.7) at. %. O Xe*"* —8i0, (50 nm on Si)
Complementary to atomic, positive secondary ions, spec- S0, s0;
tra of molecular secondary ions in highly charged ion based
TOF-SIMS contain chemical structure information. It has @
been suggested that atomic, positive secondary ions ar & [ |atllF |8
formed primarily in the center of the impact area of highly < | 102@?0;” Ss0;
charged ions, where the ionization density is highest. 2 10*¢
Complementary, large molecular ions and negative ions are
emitted from the fringe of the interaction region. Emission of I
these ions has been proposed to result from a shockwave s i
following the rapid expansion of the highly ionized target
volume in a Coulomb explosioht® In addition, negative T T T
ions can also be formed by electron capture. The contribu- ooo1s 20 25 80 85 4o
tion to secondary ion production from conventional colli- ) tof (us)
sional momentum transfer was investigatadsitu using a T M T R Raaials Ter
beam of charge state equilibrated %X&°9 ions with g 109k
~1.5+, at~2 keV/u. Charge equilibration was achieved by
passing X&" ions through a 10 nm thick carbon foil. The
resulting flight time spectrum of negative secondary ions
from a 50 nm thick thermal SigSi target is shown in Fig. Si
2(a). Secondary ion count rates increase by over two orders 3
of magnitude when the high charge of primary ions, here ‘
Xe* | takes effecfFig. 2(b)]. The increase of the number of | |
molecular ions produced per incident projectile was found to 8 1% ‘ ! ‘;‘ |
S
|1 it
30 4
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scale with primary ion chargeyq", n=3-4° Figure 2c) 1. ‘
shows a negative secondary ion spectrum from a 50 nm thick ‘ m “ ‘“
0 0 8t

1 i | i“}‘

I L
B-—SiO, target, taken before the first Ar-sputter cycle. Probe 0o o e e — o
ions were X&' at 3.2 keV/u. The dose was only 4.6 (g mass (Da)
X 10° Xe*** ions. SiIQ~ and SiQ~ and (SiQ),0 -cluster
series are molecular ions characteristic for thermal ,SiOFc. 2. Negative secondary ion spectra from thermal,SED nm on Si at
fims. The BO, " peak and an increased fraction of SIO_ITAACkel XeTon ove i chage i cautrvm ang ot it oo
reflect incorporation and chemical bonding of boron at highas.received 50 nm thick B-Sjasi films at impact of X&" ions. The
concentrations in the SiOnatrix. Typical sputter ion yields primary ion dose was 4:610°.
of molecular ions in standard SIMS arel10 3. Here, 6.5
X 1073 BiO,” molecules were detected per *e. This
count rate does not include the overall transmission of théound to decrease strongly with decreasing oxide thickness
instrument of~10%. Monitoring of both atomic and mo- after consecutive Ar-sputtering cyclésig. 3). This effect is
lecular secondary ions in highly charged ion based TOFin accordance with ion yield measurements from silicon ox-
SIMS allows for simultaneous determination of the concen4ides of different thicknessé§2° Electron transport from the
trations of impurities and the chemical structure of materialssilicon substrate to the highly ionized surface region can

Both positive and negative secondary ion yields werequench a fraction of the Coulomb stress and reduce the mag-
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